Introduction
============

T cell recognition of antigenic peptide/major histocompatibility complex plays a pivotal role in the initiation and regulation of adaptive immunity. T cell receptor (TCR) signaling pathway alone is, however, insufficient for antigen-specific T cell responses [@B1], and a second pathway is required for defining and regulating the fine specificity of the responses. Costimulatory signals lead to effective cell activation, cytokine production, proliferation, and survival. Interruption of the costimulatory pathway not only results in the suppression of the immune responses, but in some cases induces antigen-specific unresponsiveness or tolerance.

A primary costimulatory signal is delivered through CD28 glycoprotein, which is capable of forming homodimers, allowing for interactions with either CD80 (B7-1) or CD86 (B7-2) expressed on antigen-presenting cells (APCs). Inducible costimulator (ICOS, CD278, also known as H4) is a costimulatory receptor homologous to CD28 family and engages its ligand, ICOSL (CD275, B7-H2), expressed on the surface of lymphoid cells as well as nonlymphoid cells. In an attempt to develop novel strategies for enhancing immune responses in immunocompromized hosts with malignancies, agonistic monoclonal antibodies (mAbs) specific to costimulatory receptors appeared to be promising in animal models. Catastrophic systemic organ failure, however, occurred in the phase I clinical trial of an agonistic anti-CD28 mAb, which has hampered the development of immunomodulatory mAbs acting on costimulatory receptors.

In contrast to CD28 family receptors, cytotoxic T-lymphocyte antigen 4 (CTLA-4, CD152), programmed death-1 (PD-1, CD279), and B and T cell attenuator (BTLA, CD272) are inhibitory receptors which deliver negative signals in T cells. The inhibitory signals attenuate TCR-mediated signals, leading to decreased cell proliferation, cytokine production, and cell cycle progression. Hence, recently much attention has been focused on the blockade of the inhibitory signals as a means of immunopotentiation in immune diseases, infectious diseases, and malignancies.

Structure and function of CTLA-4
================================

CTLA-4 is transcriptionally induced following T cell activation and shares about 30% identity with CD28 at the amino acids level [@B2]-[@B9]. This inhibitory receptor molecule is a type I transmembrane protein with a single V-set (variable domain-like-set) immunoglobulin superfamily (IgSF) extracellular domain, a transmembrane region and a cytoplasmic region. Whereas the cytoplasmic tail of CTLA-4 contains a YVKM motif, a typical immunoreceptor tyrosine-based inhibitory motif (ITIM), the molecules and the mechanism involved in this negative signal pathway has not been fully elucidated [@B8].

As opposed to CD86 monomer engagement with CD28 homodimer, the CTLA-4 homodimer preferentially engages with CD80 homodimer, with the affinity of CD86 for CTLA-4 being only 8% of that of CD80. A canonical motif, MYPPPY, is present in the extracellular domain of CTLA-4 and this sequence is involved in the binding between CTLA-4 and CD80 on the basis of X-ray crystallography. The CTLA-4/CD80 binding interface is formed by orthogonal packing between the front sheets from each molecule and buries a total surface area of 1,200-1,300 Å^2^. Since CD80 forms a homodimer as a consequence of packing between the back β-sheets, two CTLA-4 molecules interact with the respective front β-sheets distal to the CD80 homodimer interface, leading to a divalent nature of CD80 molecule and consequently, a lattice-like feature of CTLA-4/CD80 complex. This distinct quaternary structure further implies that CTLA-4/CD80 engagement might provide adhesive interactions required for a biologically optimal response at the immunological synapse.

In CTLA-4 deficient mice, a severe autoimmune phenotype develops with death occurring 3-4 weeks after birth as a result of multiorgan destruction, demonstrating that CTLA-4 plays a pivotal role in the regulation of autoreactive and potentially detrimental peripheral T cell responses [@B4]. CTLA-4 negatively modulates IL-2 production, IL-2 receptor expression, and cell cycle progression of activated T cells. The inhibitory signal delivered by CTLA-4 can be modulated by a number of factors, such as a concomitant signal via CD28 [@B5], the strength of the TCR signal, and the activation state of APC. In addition to the inhibitory functions in activated CD4^+^ T cells and CD8^+^ T cells, CTLA-4 expressed in Foxp3^+^ regulatory T cells (Tregs) plays important roles in maintaining immunological self-tolerance and immune homeostasis. Tregs constitutively expressing CTLA-4 regulate effector T cells in trans, as exhausting Tregs in mice can provoke various autoimmune diseases [@B10]. It was recently demonstrated that Treg-specific CTLA-4 deficiency impaired in vivo and in vitro suppressive function of Tregs, which appeared to be mediated by down-regulation of CD80 and CD86 expression on dendritic cells (DCs) [@B11], although the mechanism by which CTLA-4 enhanced the immunosuppressive function of Tregs was not fully clarified.

Therapeutic application of CTLA-4
=================================

The affinity of CD80/CD86 for CTLA-4 is higher than that for CD28, an antagonistic CTLA-4-Ig fusion protein, which is composed of the extracellular domain of CTLA-4 and the Fc region of the immunoglobulin IgG1 (Ig), can be used to efficiently inhibit CD28/CD80/CD86 signaling pathway and prevent the full activation of T cells. It was shown that CTLA-4-Ig ameliorated both the clinical and histopathologic manifestations of a joint disease in a collagen induced arthritis model [@B12]. In RA patients, abatacept (a clinical-grade CTLA-4-Ig preparation) improves the signs and symptoms of RA and inhibits the progression of joint damages [@B13]. The fusion protein is reported to enhance the function of Tregs in RA patients [@B14], which may also contribute to the suppression of T cell hyperactivation. CTLA-4-Ig can thus be utilized for the treatment of various autoimmune diseases, such as systemic lupus [@B11], experimental allergic encephalitis (EAE) [@B15] and collagen induced arthritis [@B12].

The attenuation of T cell hyperactivation during graft-versus-host diseases (GVHD) after transplantation by CTLA-4-Ig can be also considered as a therapeutic strategy, because several anti-CD28 antagonistic mAbs have been successfully utilized in animal models of renal allograft, heart allograft, and liver allograft [@B16]-[@B22]. It is of note that monotherapy with CTLA-4-Ig can lead to cardiac graft acceptance for more than 100 days in a mouse model [@B23]. Furthermore, porcine CTLA-4-Ig prolongs islet exnografts in rats with an increased serum level of IFN-γ and a decreased serum level of IL-4 [@B24] (Table [1](#T1){ref-type="table"}).

On the contrary, blocking monoclonal antibodies (mAbs) specific to CTLA-4 inhibits the CTLA-4 signaling pathway by binding to CD80/CD86 expressed on APCs and subsequently enhances T cell activation. The antagonistic mAbs are thus expected to be used for the enhancement of T cell cytotoxicity against tumor cells (Table [2](#T2){ref-type="table"}). The anti-tumor effect of an anti-CTLA-4 mAb was first reported in murine models of colon carcinoma and fibrosarcoma in 1996 [@B25]. The mAb-mediated blockade of CTLA-4 enhanced antigen specific T cell responses and led to the rejection of moderately immunogenic murine tumors [@B26]. It was further reported that the mAb had a synergic effect in the treatment of cancer patients undergoing vaccines therapy. The anti-CTLA-4 antagonistic mAb in combination with a granulocyte-macrophage colony-stimulating factor (GM-CSF)-transduced cellular vaccine provided a synergistic effect in melanoma, mammary carcinoma, and prostate carcinoma models [@B7], [@B27]. The combination of the CTLA-4 blockade with other therapeutic strategies such as chemotherapy [@B28], radiotherapy [@B29], depletion of CD25^+^ Treg cells [@B30], [@B31] and CpG adjuvant [@B32] also exhibited enhanced anti-tumor activity and produced beneficial effects. Blockade of CTLA-4 concomitantly with inhibition of the other inhibitory signals and enhancement of co-stimulatory signals was reported to be significantly effective in promoting the rejection of melanomas [@B33], [@B34].

The development of ipilimumab (a humanized anti-CTLA-4 antagonistic mAb) has made it possible to treat patients with metastatic melanomas. Clinical studies, however, revealed significant autoimmune toxicities of the mAb in patients, such as diarrhea, bowel inflammation, and dermatitis [@B35], [@B36]. Guillain-Barré syndrome was also reported in a melanoma patient [@B37]. It is difficult to eliminate such a high degree of autoimmune toxicity associated with the CTLA-4 blockade, because there is no tumor specificity to the expression of CD80/CD86, furthermore, there is evidence that clinical responses might be associated with immune-related adverse events. It is thus essential to define a tolerated therapeutic window of the manipulation of CTLA-4 signaling for the development of tumor immunotherapy. In a study of 76 patients given ipilimumab with or without dacarbazine, the response rates were 17% and 5% in the combination group and the ipilimumab alone group, respectively [@B38]. When ipilimumab was administered to previously vaccinated metastatic melanoma and ovarian carcinoma patients, the mAb elicited extensive tumor necrosis with lymphocyte infiltrates without any serious toxicities [@B39], [@B40]. Further studies are needed to assess the optimal administration route and the clinical dose of ipilimumab. In addition, the most effective combination of CTLA-4 blockade with vaccination or other anti-tumor drugs has to be determined by defining biomarkers that predict clinical responses to the mAb therapy.

Since it is most likely that inhibitory signals in T cells play an essential part in the down-regulation of immune system during chronic infections, the role of CTLA-4 has been extensively studied in animal models and patients with infection. Whereas CTLA-4 appears not to be involved in the exhaustion of CD8^+^ T cells when mice are infected with viruses such as a lymphocytic choriomeningitis virus [@B41], [@B42], many reports demonstrate that CTLA-4 delivers inhibitory signals in CD4^+^ T cells during viral infections. In humans, CTLA-4 is up-regulated in HIV-specific CD4^+^ T cells during the acute HIV infection [@B43] and CTLA-4 blockade results in the proliferation of HIV-specific CD4^+^ T cells and a high level of cytokine secretion in vitro [@B44]. In addition, the level of soluble form of CTLA-4 (sCTLA-4) in the serum of chronic HBV patients is significantly higher than that in healthy individuals [@B45], suggesting that a high level of CTLA-4 expression in T cells is attributable to the impairment of T cell functions during chronic HBV infection. The findings clearly show that CLTA-4 blockade may serve as a means for the treatment of patients with acute and chronic viral infections. Taken together, antagonistic CTLA-4-Ig can be utilized to attenuate T cell functions in the treatment of autoimmunity and transplantation by blocking the engagement of CD28 with CD80/CD86, and anti-CTLA-4 antagonistic mAbs can be harnessed to enhance T cell functions in immunotherapies for malignancies and infections.

Structure and function of PD-1
==============================

PD-1 was initially identified in a T-cell hybridoma undergoing activation-induced cell death by subtractive hybridization [@B47]. Subsequent studies, however, have not shown a direct role for PD-1 in cell death. PD-1 is expressed during thymic development primarily on CD4^-^CD8^-^ T cells, and induced on peripheral T cells, B cells, and monocytes upon activation. The broader expression of PD-1 contrasts with restricted expression of other CD28 IgSF receptors to T cells, implying nonredundant roles for PD-1 molecule. This receptor is a 50-55 kDa type I transmembrane glycoprotein and a member of IgSF that contains a single V-set domain in its extracellular domain. Because PD-1 lacks a cystein residue that allows the molecule to covalently homodimerize, this receptor exists on the cell surface as a monomer or a noncovalantly associated oligomer.

The PD-1 cytoplasmic domain contains two tyrosine residues, with the membrane proximal one located with an ITIM motif and the other within an immunoreceptor tyrosine-based switch motif (ITSM). Whereas both tyrosine residues are phosphorylated following engagement with the ligand, mutagenesis studies indicate that only the membrane-distal tyrosine within the ITSM motif is required for the inhibitory activity of PD-1, as opposed to the tyrosine residue in the ITIM motif that is more typically associated with attenuation of antigen receptor signaling in other CD28 IgSF receptor molecules. In T cells, the phosphorylated ITSM recruits both Src homology region 2 domain-containing phosphatase-1 (SHP-1) and SHP-2.

The ligands for PD-1 are the CD80/CD86 IgSF members PD-L1 (PD-L1, also known as B7-H1, CD274) and PD-L2 (B7-DC, CD273). Both ligands are type I glycoproteins with tandemly alligned V-set and C1-set extracellular domains. PD-L1 is expressed on lymphoid cells such as T and B cells as well as nonlymphoid organs including heart, liver, lung, pancreas, muscle, and placenta, suggesting that PD-L1 may regulate self-reactive T or B cells in peripheral sites and may regulate inflammatory responses in the target organs. In contrast, PD-L2 expression is restricted to DCs and macropahges, suggesting nonredundant roles of PD-L1 and PD-L2 in immune responses.

Because both PD-1 and PD-L1 extracellular domain preparations exist as monomers in solution, the binding mode is expected to be different from that of CTLA-4/CD80/CD86. Based on X-ray analysis, PD-1/PD-L1 complex is a 1:1 complex of monomeric PD-1 and PD-L1 in the crystal. The complex has a buried surface area (1,870 Å^2^), which is significantly larger than that of CTLA-4/CD80 (1,200 Å^2^). It is noteworthy that the Ig variable domains of the PD-1/PD-L1 complex are similar to those of T cell antigen receptors and Abs, raising a possibility that the loops of the PD-1/PD-L1 complex may bind another molecule.

The disruption of a gene encoding PD-1 causes autoimmune diseases, like a late-onset, progressive arthritis and lupus-like glomerulonephritis in mice on the C57Bl/6 background and a dilated cardiomyopathy in Balb/c mice, PD-1, hence, is considered to be involved in the maintenance of peripheral tolerance. In addition, PD-1-deficient mice are extremely sensitive to murine hepatitis virus strain-3 infection [@B48]-[@B50]. PD-1 is up-regulated in Tregs when infected with feline immunodeficiency virus [@B51] and in T cells of chronic hepatitis B virus patients, compared to healthy individuals and acute hepatitis B patients [@B52], thereby PD-1 may play a critical role in the impairment of T cell functions. It is worthy of note that HCV-infected individuals whose CD4^+^ T cells express a high level of PD-1 exhibit a poor response to HBV vaccine, unless the PD-1 signaling is blocked [@B53]. Up-regulation of PD-1 correlates with the prognosis of HCC (hepatic cell carcinoma) patients and raises the rate of recurrence [@B54], [@B55]. A recent research demonstrated enhanced PD-1 expression in actinic cheilitis and oral squamous cell carcinoma [@B56]. It is highly likely that the impairment of tumor-infiltrating T lymphocyte functions is due to the expression of PD-1 on the effector cells [@B57]. Evidence is accumulating that the PD-1/PD-L1/PD-L2 pathway plays a key role in autoimmune diseases and tumor evasion.

Therapeutic application of PD-1
===============================

In various ethnic groups, PD-1 gene haplotype appears to be associated with susceptibility to autoimmune diseases such as systemic lupus erythematosus [@B58], rheumatoid arthritis [@B59], and type I diabetes [@B60]. To develop immunotherapies for autoimmune diseases, the manipulation of PD-1/PD-L pathway has been investigated in animal models (Table [3](#T3){ref-type="table"}). The injection of adenovirus harboring cDNA encoding PD-L1 into lupus-prone mice partially ameliorated the development of nephritis [@B61]. The transfer of embryonic stem cell-derived DCs expressing myelin oligodendrocyte glycoprotein (MOG) peptide reduced T cell responses to MOG, cell infiltration into spinal cord, and the severity of experimental autoimmune encephalomyelitis (EAE) [@B62]. IFN-β used for the treatment of multiple sclerosis has been shown to up-regulate PD-L1 on monocytes and DCs, suggesting that inhibitory signals through the PD-1/PD-L pathway contribute to the anti-inflammatory effect [@B63].

On the contrary, the blockade of PD-1/PD-L signaling is expected to potentiate T cell effector functions. Whereas the immunization of mice with lentivector encoding tumor antigens markedly increases the infiltration of antigen-specific CD8^+^ T cells and CD4^+^ T cells and generates Ag-specific antitumor effects, it also induces the expression of PD-L1 in the tumor lesions and PD-1 in the tumor-infiltrating CD8^+^ cells, limiting the anti-tumor effects of lentivector immunization. Blocking PD-1/PD-L pathway is, however, shown to rescue the effector functions of the CD8^+^ T cells and enhance the antitumor efficacy of lentivector immunization [@B64], [@B65]. In addition, the blockade of PD-1/PD-L pathway using a fully humanized anti-PD-1 antagonistic mAb increases the numbers and functions of tumor-specific T cells and promotes cytokine production in humans [@B66]. Furthermore, retroviral small interfering RNA (siRNA) delivery has been proven to reduce surface PD-1 expression and improve murine as well as human T cell immune functions, demonstrating that blocking PD-1/PD-L pathway is a promising approach to achieve immunopotentiation in tumor therapy [@B67], [@B68].

In recent clinical trials of anti-PD-1 and anti-PD-L1 antagonistic mAbs, objective and durable tumor responses were observed in patients with advanced cancers, including non-small-cell lung cancer, melanoma, and renal cell carcinoma [@B69], [@B70]. The grade 3 or 4 drug-related adverse events occurred in only 14% and 9% of patients who underwent anti-PD-1 and anti-PD-L1 treatment, respectively. The incidence was significantly less than that for anti-CTLA-4 mAb treatment, in which inflammatory or autoimmune toxic effects were observed in 20%-30% of patients [@B71]. This is probably because the PD-1/PD-L1 pathway predominantly regulates the effector phase of T cell responses against tumor cells. The blockade of PD-1/PD-L1 engagement is thus one of the most promising immunotherapies for cancer in future.

Since the attenuation of T cell effector functions by PD-1/PD-L pathway has been suggested in various infectious diseases, the disruption of the inhibitory pathway may be a promising means to enhance immune responses in patients with infections. PD-1 is highly expressed in T cells when individuals are infected with viruses such as HIV, HBV, and HCV. Blocking the PD-1/PD-L1 pathway promotes HIV-specific CD4^+^ and CD8^+^ T cell proliferation and augments the secretion of anti-viral cytokines [@B72]. Anti-PD-L1 mAb decreases the level of PD-1 expression and promoted IL-12 production as well as STAT-1 activation in monocytes/macrophages derived from HCV-infected individuals [@B73]. It is worthy of note that exhausted CD8^+^T cells during viral infections express multiple inhibitory receptors and blocking PD-1 and LAG-3 (lymphocyte-activation gene 3) synergistically improved T cell responses and reduced viral load [@B74]. Furthermore, PD-L1 blockade leads to the enhancement of CD4^+^ T cell proliferation in *Helicobacter pylori*infection and *Schistosoma mansoni* infection [@B75], [@B76]. In an indirect acute lung injury model, PD-1-deficient mice show a higher survival rate [@B77], and blocking PD-1/PD-L pathway in migratory langerhans cells and DCs can enhance T cell activation [@B78].

The manipulation of the inhibitory PD-1/PD-L1 signaling is expected to be an effective means for maintaining grafts in transplantation. Several studies show that forced expression of PD-L1 in grafted cells decreases the incidence of allograft rejection [@B79] and GVHD lethality [@B80] in animal models. The combination of antagonistic PD-L1-Ig and anti-CD154 mAb or anti-ICOS antagonistic mAb prolongs cardiac allograft survival, which is accompanied by reduced intragraft expression of IFN-γ and IFN-γ-induced chemokines [@B79]. Similarly, PD-L1-Ig synergizes with anti-CD154 mAb in promoting long-term survival of islet allografts [@B81].

Structure and function of BTLA
==============================

BTLA (B and T cell attenuator, CD272) is a member of IgSF family and a 32 kDa type I transmembrane glycoprotein consisting of an I-set (intermediate-set) extracellular domain, a transmembrane region, and a cytoplasmic region, suggesting that this molecule is distinct from the CD28 family [@B82]. Because BTLA lacks a cystein residue needed for dimerization, it is likely to exist as a monomer on the cell surface. The presence of two ITIM motifs and an ITSM motif in its cytoplasmic domain indicates that this molecule functions as an inhibitory receptor [@B83]. Cross-linking BTLA with agonistic mAbs stimulates its tyrosine phosphorization and leads to SHP-1 and SHP-2 recruitment, providing a mechanism for BTLA-mediated signal inhibition. Identified initially as a molecule selectively expressed on Th1 cells, it is induced on T cells during activation and remains expressed more strongly on polarized Th1, not Th2 cells [@B84], implying that BTLA may specifically down-regulate Th1-mediated inflammatory responses [@B85]. In fact, several studies demonstrate that signaling through BTLA attenuates T lymphocyte proliferation [@B86]-[@B88]. In addition, BTLA gene polymorphisms may link to the development of rheumatoid arthritis, malignant breast cancer [@B89]-[@B92].

BTLA binds herpes virus entry mediator (HVEM), a member of tumor necrosis factor receptor superfamily (TNFRSF). This interaction is unusual in that it represents the first example of a TCFRSF functioning as a ligand. Based on X-ray crystal structure of BTLA/HVEM complex, a single globular BTLA interacts with the membrane distal region of rod-shaped HVEM. Compared to the CTLA-4/CD80 binding site, BTLA uses a distinct surface to interact with HVEM. HVEM-deficient mice show enhanced T cell proliferation and CD4^+^ T cell-dependent proinflammatory cytokine production in response to concanavalin A stimulation [@B93].

Therapeutic application of BTLA
===============================

BTLA/HVEM pathway plays an important role in the maintenance of immune tolerance and the prevention of autoimmune diseases (Table [4](#T4){ref-type="table"}). BTLA-deficient mice develop rheumatoid arthritis [@B94], lymphocytic infiltration, autoimmune hepatitis (AIH)-like diseases, and EAE [@B95], [@B96]. HVEM-deficient mice show increased susceptibility to MOG peptide-induced EAE and increased T cell proliferation and cytokine production [@B93]. Antagonistic HVEM-Ig aggravates autoimmunity in collagen-induced arthritis on DBA1 background mice [@B97]. Thus, the forced expression of BTLA in activated T cells would be a promising strategy for the treatment of autoimmune diseases.

Regarding tumor immunity, tumor antigen-specific CD8^+^ T cells appear to persistently express BTLA. It has been reported that CpG vaccination partially down-regulates the expression of BTLA in tumor antigen-specific CD8^+^ T cells and blocks the BTLA/HVEM-mediated inhibitory signal [@B98]. Although blocking the BTLA/HVEM pathway seems to be relevant as a means to enhance effector T cell functions, careful attention should be paid to the complexity of HVEM-interacting molecules. CD160, an IgSF inhibitory receptor, also binds HVEM. In addition, LIGHT, a TNF family member, delivers a costimulatory signal upon engagement with HVEM. These multiple pathways make it difficult for us to establish novel therapeutic interventions for malignancies.

The manipulation of BTLA/HVEM pathway may become a promising strategy to treat patients with infections. BTLA is induced during *P. berghei* ANKA infection in mice and anti-BTLA antagonistic mAb significantly reduces the incidence of cerebral malaria caused by the protozoa [@B99]. Thus, pathogens pertubing the BTLA/HVEM pathway may represent ideal targets for anti-BTLA mAb immunotherapy.

In transplantation, the BTLA/HVEM pathway has a unique role in regulating allogeneic responses. It is noteworthy that BTLA, not PD-1, is strongly induced in alloreactive T cells from mice transplanted with partially MHC-mismatched cardiac allografts. Whereas the allografts survive relatively long term in wild type mice, a rapid rejection is observed in BTLA-deficient mice in this partially mismatched model [@B100]. This indicates that BTLA and PD-1 may play nonredundant roles in transplantation. BTLA seems to be dominant over PD-1 when immune responses are relatively weak, while PD-1 plays a major role in strong allo-responses. Soluble HVEM-Ig or anti-HVEM mAb can prevent GVHD and allograft rejection [@B101]. The combination of antagonistic anti-BTLA mAb and CTLA-4-Ig prolongs allograft survival, whereas CTLA-4-Ig or anti-BTLA mAb alone fails to prevent graft rejection [@B102].

Summary
=======

Inhibitory receptors, CTLA-4, PD-1, and BTLA deliver negative signals that play an important role in regulating T cell activation and maintaining peripheral tolerance. Manipulations of negative signals mediated by the inhibitory receptors and/or the positive signals mediated by co-stimulatory receptors may provide therapeutic strategies for autoimmune diseases, malignancies, infectious diseases, and transplantation. Some therapeutic reagents are now being tested in clinical trials (Table [5](#T5){ref-type="table"}). Major international pharmaceutical companies are sponsoring a plethora of clinical trials on the modulation of inhibitory signaling pathways in various diseases such as rheumatoid arthritis, ulcerative colitis, melanoma, HCV infection, renal transplantation.

In order to achieve effective control of inhibitory signaling pathways as therapeutic interventions, appropriate biomarkers should be developed to identify which inhibitory pathways dominate in the particular diseases, because different inhibitory pathways may be involved in the onset of different diseases. It is also essential to develop combinatorial therapies using two or more therapeutic agents, when multiple inhibitory signals participate in the diseases. Because the inhibitory signaling is generally initiated by the interaction between cell surface receptors and ligands, the blockade of the ligation can be achieved simply by humanized mAbs or recombinant extracellular domains of the molecules. Anti-CTLA-4 mAb is the first immunomodulator approved by US Food and Drug Administration, and encouraging clinical findings have been reported for mAbs specific for the PD-1/PD-L pathway. Novel immunotherapies using these agents are especially promising in the treatment of patients with malignancies in the near future.
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###### 

Experimental approaches targeting CD28 signaling pathway using antagonistic CTLA-4-Ig.

  Approaches (clone)                 condition            Reported functions \[references\]
  ---------------------------------- -------------------- -------------------------------------------------------------------------------------
  CTLA-4-Ig                          autoimmune disease   Inhibited specific T cells activation [@B15]
  CTLA-4-Ig                          autoimmune disease   Inhibited specific T cells activation [@B12], [@B13]. Enhanced Treg function [@B14]
  CTLA-4-Ig+Anti-CTLA-4 mAb (9H10)   transplantation      Inhibited donor T cells proliferation [@B20]. Depleted activated T cells [@B21]
  CTLA-4-Ig                          transplantation      Prolonged allograft survival [@B46]

###### 

Experimental approaches targeting CTLA-4 signaling pathway using anti-CTLA-4 antagonistic mAbs.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Approaches (clone)                                         condition   Reported functions \[references\]
  ---------------------------------------------------------- ----------- ------------------------------------------------------------------------------------------
  Anti-CTLA-4 mAb (9H10)+ Anti-CTLA-4 mAb (UC10-4F10-11)     tumor       Enhanced effector T cells function and inhibited Treg activation [@B27].

  Anti-CTLA-4 mAb (9H10) + Radiotherapy                      tumor       Increased survival [@B29].

  Anti-CTLA-4 mAb (9H10) + depletion of CD25^+^ Treg cells   tumor       Increased cytotoxic activity in T cells [@B30].

  Anti-CTLA-4 mAb + depletion of CD25^+^ Treg cells          tumor       Enhanced specific cytotoxicity [@B31].

  Anti-CTLA-4 mAb (UC10-4F10-11) +\                          tumor       Enhanced specific CD4^+^T cells function [@B32].
  CpG adjuvant                                                           

  Anti-CTLA-4 mAb (9D9) + Anti-PD-1 mAb (RMP1-14)            tumor       Increased infiltrating T cells and reduced Tregs and myeloid cells [@B33].

  Anti-CTLA-4 mAb (9D9) + Anti-41BB mAb (LOB12.3)            tumor       Increased T cells infiltration, proliferation and cytokine production [@B34].

  MDX-010                                                    tumor       Enhanced specific T cells function but induced autoimmune manifestations [@B36], [@B37].

  MDX-010 + vaccination                                      tumor       Enhanced specific T cell function without serious toxicity [@B39], [@B40].

  Anti-CTLA-4 mAb (BNI3)                                     infection   Increased specific CD4^+^ T cell proliferation [@B44].

  pCTLA-4-HBc                                                infection   Enhanced Th2 type function and accelerated virus cleanup [@B24].
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------

p, Plasmid.

###### 

Immunotherapeutic approaches manipulating PD-1/PD-L pathway using gene transfer and/or antagonistic mAbs.

  Approaches (clone)                                                              Condition            Reported functions \[references\]
  ------------------------------------------------------------------------------- -------------------- --------------------------------------------------------------------------
  PD-L1 transfection                                                              Autoimmune disease   Partially prevented nephritis [@B61].
  PD-L1-highly- expressing DCs transfection                                       Autoimmune disease   Prevented EAE [@B62].
  IFN-β                                                                           Autoimmune disease   Up-regulated PD-L1 level and prevented inflammation [@B63].
  Anti-PD-1 mAb (RMPI-14) + Anti-PD-L1 mAb (10F.9G2) + lentivector immunization   Tumor                Enhanced anti-tumor effects \[64, 65\*\].
  Anti-PD-1 mAb (anti-Hpd-1.5)                                                    Tumor                Increased specific T cell proliferation and cytokine production [@B66].
  siRNA                                                                           Tumor                Down-regulated PD-1 level and enhanced T cell functions [@B67], [@B68].
  Anti-PD-1 mAb                                                                   Timor                Objective and durable tumor responses in a clinical study [@B69].
  Anti-PD-L1 mAb                                                                  Tumor                Objective and durabole tumor responses in a clinical study [@B70].
  Anti-PD-1 mAb                                                                   Infection            Increased specific T cell proliferation and cytokine production\[72\*\].
  PD-1 KO                                                                         Infection            Improved survival rate [@B77].
  Anti-PD-1 mAb (EH12) + Anti-PD-L1 mAb (29E.2A3) + Anti-PD-L2 mAb (24F.10C12)    Infection            Enhanced T cells functions [@B78].
  Anti-PD-L1 mAb (M1H1)                                                           Infection            Increased IL-12 production and enhanced STAT-1 activation [@B73].
  Anti-PD-L1 mAb (10F.9G2) + Anti-LAG-3 mAb (C9B7W)                               Infection            Enhanced T cell functions and reduced virus load [@B74].
  Anti-PD-L1 mAb (MIH5)                                                           Infection            Increased CD4^+^ T cell proliferation \[75\*, 76\].
  PD-L1-Ig + anti-CD154 mAb (MR1)                                                 Transplantation      Prolonged allograft survival \[77\*-81\].
  Anti-PD-1 mAb (J43) + Anti-CTLA-4 mAb (C10-4F10-1)                              Transplantation      Prevented GVHD [@B80].

KO, Knock-out; \*, mAb clone numbers were not given.

###### 

Experimental approaches targeting BTLA/HVEM pathway using antagonistic HVEM-Ig and anti-BTLA mAbs.

  Approaches (clone)              Condition            Reported functions \[references\]
  ------------------------------- -------------------- ------------------------------------------------------------------------------
  HVEM KO                         Autoimmune disease   Increased T cell proliferation and cytokine production [@B93]
  HVEM-Ig                         Autoimmune disease   Increased T cell proliferation [@B97]
  Vaccination + CpG adjuvant      Tumor                Down-regulated BTLA level and decreased BTLA-HVEM-mediated inhibition [@B98]
  Anti-BTLA mAb (6A6)             Infection            Reduced the incidence of cerebral malaria [@B99]
  Anti-BTLA mAb                   Transplantation      Rejected MHC class II-mismatched cardiac allografts [@B100]
  Anti-BTLA mAb (6F7) + CTLA-Ig   Transplantation      Prolonged allograft survival [@B102]

s, Soluble; \*, the mAbs clone numbers were not given.

###### 

Therapeutics targeting inhibitory receptor/ligands being tested in clinical trials.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Treatment        Other name     Conditions(Phase)
  ---------------- -------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  CTLA-4Ig         Abatacept      Type 1 diabetes mellitus (II), psoriasis vulgaris (I+II), lupus nephritis (II), lupus erythematosus, systemic (II), rheumatoid arthritis (I+II), Wegener\'s granulomatosis (II+III), Takayasu\'s arteritis (I+II), giant cell arteritis (I+II), multiple sclerosis (II), allergic asthma (II).

                   Belatacept     Rheumatoid arthritis (I+II+III)

  (CTLA-4 IgG4m)   RG2077         Lupus erythematosus, systemic (I+II), lupus nephritis (I+II).

  Anti-CTLA-4      MDX-010/\      Synovial Sarcoma (II), wilm\'s tumor (I), lymphoma (I), neuroblastoma (I), melanoma (I+III), malignant fibrous histiocytoma of bone (I), kidney cancer (I), prostate cancer (I), high risk stage III melanoma (III), leukemia (I), lung Cancer (I), myelodysplastic syndromes (I), ovarian cancer (I), pancreatic cancer (II), extensive stage small cell lung cancer (II).
                   Ipilimumab     

                   CD-675,206/\   Melanoma (II), prostatic neoplasms (I), hepatocellular carcinoma (I), hepatitis C virus chronic infection (I), bladder cancer (I), renal cell carcinoma (II).
                   Tremelimumab   

  Anti-CD80        IDEC-114       Non-Hodgkin\'s lymphoma (I+II).

                   Galiximab      Non-Hodgkin\'s lymphoma (I+III).

  Anti-PD-1        MDX1106        melanoma (I), hepatitis C (I).

                   CT-011         Prostatic neoplasms (II), breast cancer(I), colon cancer (I), pancreatic cancer (I), sarcoma (I), ovarian cancer (I), renal cell carcinoma (II), acute myelogenous leukemia (II), multiple myeloma (II).

                   BMS-936558     Renal cell carcinoma (I), non-small cell lung cancer (I).

                   ONO-4538       malignant solid tumor (I).

  Anti-PD-L1       BMS-936559     Stage III or IV melanoma, non-Hodgkin\'s lymphoma (I), Hodgkin Lymphoma (I), multiple myeloma (I), chronic myelogenous leukemia (I).

  Anti-PD-L2       rHIgM12B7      Melanoma (I).
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

This information was obtained from clinicaltrails.gov.
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